






























































of	 the	aspks1	 BGC	 led	 to	 the	 production	 of	 101	 in	Aspergillus	 oryzae.	 Four	 of	 the	 eight	 genes	
(Aspks1:	 NR-PKS,	 asL1:	 FAD	 dependent	 monooxygenase,	 asL3:	 non-heme	 FeII	 dependent	












































strictum,	 gehören	 zu	 den	 Meroterpenoiden.	 Für	 Xenovulen	 A	 101	 wurde	 eine	
In-vitro-Bindungsaffinität	 an	 den	 g-Aminobuttersäure	 Rezeptor	 gezeigt.	 Der	 Naturstoff	 besitzt	
einen	 seltenen	 Tetrahydrofurancyclopentenon	 Bizyklus,	 welcher	 über	 ein	 Tetrahydropyran	 mit	
Humulen	 verbunden	 ist.	 Diese	 ungewöhnlichen	 Strukturelemente	 erweckten	 Interesse	 an	 der	
Biosynthese	 dieses	 Naturstoffes,	 welche	 in	 dieser	 Arbeit	 mit	 chemischen	 und	
molekularbiologischen	Methoden	untersucht	wurde.	
	
Zunächst	 wurden	 das	 A.	 strictum	 Genom	 und	 Transkriptom	 (unter	 101	 produzierenden	 und	
nicht-produzierenden	 Bedingungen)	 sequenziert	 und	 analysiert.	 In	 silico	 wurde	 ein	
Biosynthesecluster	 (aspks1	 BGC)	 identifiziert,	 das	 für	 essentielle	 Proteine	 der	 101	 Biosynthese	
kodiert.	
Ein	Genknockout	von	aspks1	in	A.	strictum	bestätigte	die	bioinformatische	Hypothese	und	das	BGC.	
Die	 heterologe	 Koexpression	 von	 acht	 Genen	 des	 aspks1	 BGC	 in	 Aspergillus	 oryzae	 führte	 zur	
Produktion	 von	 101	 in	 A.	 oryzae.	 Für	 vier	 der	 acht	 Proteine	 (aspks1:	 NR-PKS,	 asL1:	 FAD	
Monooxygenase,	 asL3:	 Häm-unabhängige	 FeII	 Dioxygenase,	 asR2:	 Cytochrome	 P450)	 konnten	
Homolge	in	der	Talaromyces	stipitatus	Tropolonbiosynthese	identifiziert	werden.	
Zwei	 (asR5,	 asR6)	 der	 acht	 Gene	 kodieren	 für	 Proteine	 mit	 unbekannter	 Funktion.	 In	 vitro	
















































Wibberg,	 I	 would	 like	 to	 thank	 for	 all	 their	 efforts	 with	 sequencing	 and	 helpfulness	 with	





















































































































































































































































































































kingdoms,	 secondary	metabolites	 are	 often	 exclusively	 produced	 by	 one	 or	 a	 family	 of	 related	
organisms.1	
Secondary	 metabolites	 often	 display	 antifungal,	 antibacterial	 or	 even	 more	 specific	 biological	
activity.1	 In	 fact,	 65%	 of	 all	 newly	 approved	 small	molecule	 drugs	 between	 1981	 and	 2014	 are	











are	 elongated	 by	 polyketide	 synthase	 (PKS)	 enzymes.11,12	 The	 two	 precursors	
dimethylallyl	pyrophosphate	7	(DMAPP)	and	isopentenyl	pyrophosphate	8	(IPP)	combine	to	form	






























































biology	 techniques	 including	 gene	 knockout,	 silencing	 and	heterologous	 expression	 are	 used	 to	
elucidate	 the	 function	 of	 encoded	 proteins	 and	 link	 them	 to	 the	 corresponding	 steps	 in	 the	
biosynthesis	of	secondary	metabolites.12	
With	the	development	of	fast	and	cheap	whole	genome	sequencing	and	computational	methods	







regulators	are	also	often	clustered.	 In	 silico	analysis	of	 fungal	genomes	with	 the	antibiotics	and	
secondary	 metabolites	 analysis	 shell	 (antiSMASH)	 enables	 preliminary	 identification	 of	 those	







































In	 the	1950s	Birch	and	 co-workers	demonstrated	 for	 the	 first	 time	 that	polyketides	are	 formed	
through	the	formal	condensation	of	acetates	6.23	This	confirmed	Collie’s	hypothesis	from	1907	of	





Fatty	 acids	 are	 synthesised	 by	 condensation	 and	 reduction	 of	 starter	 acetate	6	 and	 elongation	




The	 key	 step	 to	 build	 up	 the	 carbon	 backbone	 of	 fatty	 acids	 is	 a	 decarboxylative	 Claisen	
condensation	 of	 an	 acyl	 12a	 and	 a	 malonyl	 thiolester	 13b	 catalysed	 by	 the	 ketosynthase	 (KS)	
enzyme	 activity	 (Scheme	 1.1	 Step	 I).	 After	 chain	 extension	 the	 growing	 carbon	 backbone	 is	
covalently	bound	to	the	ACP	via	a	flexible	phosphopantetheine	arm	(Figure	1.4).	This	enables	the	




Ketoreductase	 (KR),	 dehydratase	 (DH)	 and	 enoylreductase	 (ER)	 catalytic	 domains	 then	 further	
modify	the	b-carbonyl	of	14	to	give	the	fully	saturated	thiolester	17	(Scheme	1.1	Steps	II-IV).	The	














































modifying	 parts	 of	 the	 enzyme	 is	 observed	 (Figure	 1.5).26	 KS	 and	 AT	 activities	 are	 essential	 for	
carbon-carbon	bond	formation.	For	further	processing	of	the	elongated	carbon	backbone	KR,	DH	








































































































reducing	PKS,	HR-PKS)	possess	 the	 full	 set	of	modifying	domains	 (KR,	ER,	DH)	and	are	known	to	
produce	 compounds	 such	 as	 squalestatin	 S1	 tetraketide	19	 (Figure	 1.7A	 and	B).36	 The	different	
degree	of	saturation	(alkene	at	C-2/3,	methylene	at	C-5,	C-7)	reflects	the	programmed	activity	of	














































ACP ACPATKS KS AT ACP
KRDH
ER





























































































































































































































A	 variety	 of	 terpene	 scaffolds	 of	 different	 size	 and	 structural	 complexity	 such	 as	 menthol8	 4,	












































C15	 sesquiterpenes	 are	 usually	 formed	 by	 class	 I	 terpene	 cyclases.	 Four	 initial	 cyclisations	 are	




natural	 product	 arising	 from	 it	 has	been	 reported.14	 Formation	of	 diversified	 structures	 such	as	
aristolochene	38,51,52	presilphiperfolan-8b-ol	50,53,54	(-)-germacrene	D	5155,56	and	trichodiene	5257	
is	achieved	through	hydride	and	methyl	shifts	as	well	as	ring	rearrangements.	
Conserved	 active	 site	 motifs	 of	 class	 I	 terpene	 cyclases	 are	 DDxx(D,E)	 and	 NSE/DTE	 which	 are	





























































































Often	 O-methylation	 by	 SAM	 dependent	 methyltransferases,	 as	 in	 the	 biosynthesis	 of	
mycophenolic	acid	54	(Scheme	1.7A),61	or	O-acetylation	by	acyltransferases,	as	in	squalestatin	S1	57	






























































































































Another	 frequently	 seen	 class	 of	 enzymes	 are	 nicotinamide	 adenine	 dinucleotide	 (phosophate)	
(NAD(P)H	58,	59/NAD(P)+	60,	61)	dependent	proteins.	These	possess	a	characteristic	Rossman	fold	
to	bind	the	co-factor	which	serves	as	a	hydride	donor/acceptor	(Scheme	1.8).63	Depending	on	the	

























































































































Heme	dependent	monooxygenases,	 known	as	 cytochrome	P450s,	 use	 the	metal	 FeII	 to	 activate	
oxygen	 (Scheme	 1.11A).68	 Upon	 addition	 of	 O2	 to	 FeII	 (76)	 it	 is	 oxidised	 to	 FeIII	 and	 the	 radical	
intermediate	78	 is	 formed.	 Reduction	 by	 an	 electron	 (79)	 and	 addition	 of	 two	 protons,	 induce	





























































































Scheme	 1.11	Catalytic	 activity	 of	 cytochrome	 P450s.	A,	 Formation	 of	 the	 active	 oxo-FeV	 species.	B,	 Typical	 reaction	
catalysed	by	cytochrome	P450s.	
The	 scope	 of	 oxygenase	 reactions	 includes	 simple	 C-H	 hydroxylations	 or	 alkene	 epoxidations	
(Scheme	1.11B).	However,	also	more	complex	desaturations	and	skeletal	rearrangements	are	often	
observed.70	The	biosynthesis	of	austinol	84,	for	example,	involves	two	oxygenases:	a	Bayer-Villiger	









The	 Greek	 prefix	 mero	 means	 “part,	 partial”.	 Thus	 meroterpenoids	 are	 natural	 products	 of	
combined	biosynthetic	origin	but	partially	derived	 from	terpenoids.	Approximately	81%	of	2009	
reviewed	 fungal	meroterpenoids	 possessed	 a	 polyketide	 part,	 11%	 a	 shikimate	moiety	 and	 the	
origin	of	8%	remained	miscellaneous.71	
A
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precursor	 such	 as	 orsellinic	 acid	 90,	 3-methylorsellinic	 acid	 9,	 5-methylorsellinic	 acid	 91	 or	
3,5-dimethylorsellinic	 acid	 92	 (DMOA)	 (Figure	 1.9A).71	 Often	 oxidations	 and	 complex	
rearrangements	occur	en-route	to	the	final	structures,	such	as	the	rearrangements	observed	during	






84	 and	 terretonin73–75	95)	 are	 very	 similar	 and	 BGC	 have	 been	 reported	 for	 a	 number	 of	 these	
compounds	 (Figure	 1.9).	 A	 typical	 meroterpenoid	 BGC	 encodes	 a	 NR-PKS	 that	 produces	 the	






A	 NR-PKS/PR-PKS	 and	 an	 aromatic	 prenyltransferase	 are	 also	 encoded	 in	 the	 BGC	 for	 the	
biosynthesis	of	compounds	with	non-cyclic	terpene	moieties	such	as	mycophenolic	acid61,78	54	and	
yanuthone	D	99	(Scheme	1.14).79	As	no	cyclisation	of	the	sesquiterpene	scaffold	is	catalysed	in	these	


































































































































































































During	 the	 biosynthesis	 of	 fumagillin	 100,	 an	 unusual	 membrane	 bound	 FPP	 cyclase	 forms	
b-trans-bergamotene	 102	 from	 FPP	 42	 (Scheme	 1.15).	 This	 protein	 shows	 homologies	 to	 the	











unusual	 polyketide-derived	 tetrahydro-furocyclopentenone	 moiety	 (red)	 that	 is	 fused	 via	 a	



























































































humulene	 106.	 Related	 tropolone	 and	 phenolic	 meroterpenoids	 107,	 108	 and	 109	 have	 been	
reported	to	be	produced	alongside	101.84	
Similar	meroterpenoids	have	also	been	reported	from	a	series	of	different	fungi	(Figure	1.12).	These	
include	 pycnidione	 110	 (Phoma	 	 sp.),85	 eupenifeldin	 111	 (Eupenicillium	 brefeldianum)86	 and	
noreupenifeldin	112	 (unidentified	 fungus),87	 epolones	 A	113	 and	 B	 114	 (unidentified	 fungus),88	
ramiferin	115	(Kionochaeta	ramifera),89	pughiinin	A	116	(Kionochaeta	pughii)90	and	phomanolides	

























































































































phomanolide A 117 phomanolide B 118
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All	 of	 these	 compounds	 show	 interesting	 biological	 activites.	 Epolones	 (113,	 114)	 for	 example	










a	 third	 C2	 unit	 (Figure	 1.13).94	 Feeding	with	 18O2	 showed	 the	 incorporation	 of	 one	 atmospheric	
oxygen	 into	 the	 tropolone	 scaffold.95	 Additional	 feeding	 of	 the	 advanced	 precursors	
3-methylorsellinic	 acid	 9	 and	 3-methylorcinaldehyde	 120,	 showed	 that	 the	 aldehyde	 120	 is	
converted	 into	 tropolones	 more	 effectively	 than	 the	 acid	 9.96	 The	 molecular	 basis	 for	 119	
biosynthesis	 was	 dissected	 in	 Talaromyces	 stipitatus	 where	 gene	 knockout	 and	 heterologous	
expression	 experiments	 identified	 the	 BGC	 and	 elucidated	 the	 pathway	 of	 119	 biosynthesis	
(Scheme	1.16).97,98	
The	 PKS	 bound	 tetraketide	 precursor	 is	 reductively	 released	 by	 the	 NR-PKS	 TropA	 to	 give	
3-methylorcinaldehyde	 120.	 The	 FAD	 dependent	 salicylate	 monooxygenase	 TropB	 then	
dearomatises	the	aldehyde	120	to	give	enone	121	by	oxidation	at	C-3.	121	is	the	substrate	of	the	
non-heme	FeII	dependent	dioxygenase	TropC,	which	induces	a	ring	expansion	towards	tropolones	
by	 hydroxylation	 of	 the	methyl	 group	 at	 C-3	 (122).	 Rearrangement	 leads	 to	 the	 first	 tropolone	
stipitaldehyde	 123.	 Oxidation	 by	 the	 cytochrome	 P450	 TropD	 most	 likely	 produces	 124a	 in	
equilibrium	with	its	hemiacetal	124b,	but	this	intermediate	has	not	been	directly	observed.	Instead,	
stipitafuran	 125	 was	 accumulated	 upon	 knockout	 of	 the	 dehydrogenase	 TropE.	 Further	

































For	 the	 elucidation	 of	 xenovulene	 A	 101	 biosynthesis	 feeding	 experiments	 with	 13C	 labelled	
precursors	 were	 analysed.	 13C-NMR	 of	 enriched	 101	 showed	 two	 intact	 acetate	 units	 in	 the	




Penicillium	stipitatum	 (a	tropolone	producer)	with	14C	 labelled	precursors	 it	was	known	that	the	
methionine	derived	methyl	group	is	incorporated	into	the	seven	membered	tropolone	core	upon	
disruption	 of	 an	 acetate	 unit	 (Chapter	 1.3.1).94	 Based	 on	 the	 observed	 labelling	 pattern	 in	
xenovulene	A	101,	and	knowledge	about	methyl	incorporation	in	tropolones,	a	ring	expansion-ring	
contraction	mechanism	was	proposed	to	generate	the	cyclopentenone	in	101	(Scheme	1.17).84	




















































































tool	 for	 proteins	 (BLASTp)103	 revealed	 the	 presence	 of	 two	 putative	 FAD	 dependent	
monooxygenases	 (AsL1,	 AsL4),	 one	 putative	 non-heme	 FeII	 dependent	 dioxygenase	 (AsL3),	 one	
short	 chain	 dehydrogenase	 (AsL5),	 one	 putative	 cytochrome	 P450	 (AsR2),	 one	 putative	
transcriptional	 regulator	 (AsR3),	 one	 putative	 transporter	 (AsR1)	 and	 one	 hypothetical	 protein	
(AsL2)	(Figure	1.14A).102,104,105	


























































































labelling	 in	 terrein	 132.	 Cryptosporiopsonol	 133.	 TerB,	 DH-KR	 multidomain	 protein;	 TerC/TerD,	 FAD	 dependent	
monooxygenases;	TerE,	multicopper	oxidase;	TerF,	protein	with	kelch	motif.	
Heterologous	expression	of	aspks1	 in	A.	oryzae	 led	 to	 the	production	of	3-methylorcinaldehyde	
120,	which	made	 the	NR-PKS	encoded	 in	aspks1	 the	 first	 reported	PKS	with	a	 reductive	 release	



























































































































































The	 rather	 simple	 metabolite	 humulene	 160	 is	 usually	 formed	 by	 deprotonation	 of	 the	
trans-humuly	 cation	46	 after	 initial	 1,11-ring	 closure	 of	 FPP	42	 (Scheme	 1.19A).14	 Although	 the	
metabolite	 is	 a	 common	 component	 of	 plant	 essential	 oils	 only	 one	 plant	 terpene	 cyclase	
(Zingiber	zerumbet	Smith)	 is	reported	that	produces	106	as	a	major	product.107,108	Production	of	
humulene	106	in	fungi	has	only	been	reported	in	Fusarium	fujikorii,109	Colletotrichum	acutatum110	
and	 Stereum	 hirsutum.56	 The	 responsible	 class	 I	 terpene	 cyclases	 Ffsc4	 and	 CaTPS	 were	
characterised	 by	 heterologous	 expression.	 Both	 were	 found	 to	 produce	 106	 as	 well	 as	







and	 terpene	 moieties.	 Although	 only	 tropolone	 (107,	 108)	 and	 post-tropolone	 phenolic	 (109)	
meroterpenoids	 have	 been	 reported,	 it	 remains	 elusive	 which	 polyketide	 precursor	 adds	 to	
































Identity	(%aa) TropA TropB TropC TropD
MOS 51.9/38.7 - - -
AsL1 - 59.9/46.4 - -
AsL3 - - 56.2/41.6 -

































under	 harsh	 reaction	 conditions	 (150	 –	 170	 °C,	 24	 h).	 This	 suggested	 that	 an	 inverse	 electron	
































































108	 and	 109	 (Figure	 1.11)	 and	 putative	 novel	 compounds	 will	 be	 identified,	 purified	 and	 their	
structure	elucidated	by	subsequent	full	NMR	analysis.		
Sequencing	 of	 the	 whole	A.	 strictum	 genome	 will	 be	 attempted	 to	 enable	 a	 full	 bioinformatic	
analysis,	 prediction	 of	 all	 BGC	 and	 completion	 of	 the	 partial	 aspks1	 BGC.	 Comparison	 of	 the	
A.	strictum	 transcriptome	under	xenovulene	A	101	producing	and	non-producing	conditions	will	


























































































The	 best	 candidate	 BGC	 for	 101	 biosynthesis	 will	 be	 further	 analysed	 through	 gene	 knockout,	
editing	and	silencing	methods	in	A.	strictum.	Targeted	gene	inactivation	has	not	previously	been	
achieved	 in	 this	 organism	 and	 thus	 different	methods	will	 be	 tested.	 In	 addition,	 heterologous	
expression	of	selected	genes	of	the	candidate	BGC	in	A.	oryzae	and/or	E.	coli	will	be	performed	to	





in	A.	 strictum.	Apart	 from	3-methylorcinaldehyde	120,	 no	 tropolone	precursors	have	previously	






The	A.	strictum	 xenovulene	A	producing	strain	was	 first	 reported	 for	 the	production	of	101	and	
co-metabolites	 107-109	 (Figure	 2.1).82,84	 Extensive	 efforts	 were	 made	 to	 optimise	 the	 culture	
conditions	and	yield	for	101.118	Several	time	course	experiments	within	our	group104,105	and	also	by	
Blackburn	and	co-workers118	showed	initial	production	of	101	after	1-3	days	(d)	of	 liquid	culture	








dissolved	 in	 methanol	 or	 acetonitrile:water	 (9:1)	 to	 a	 concertation	 of	 10	 mg/mL	 for	 analytical	
purposes,	 and	 50	 mg/mL	 for	 purification	 by	 high	 performance	 liquid	 chromatography	 (HPLC).	
Compounds	 purified	 by	 Miriam	 Streeck	 (107a	 and	 107b,	 108)	 were	 obtained	 from	 combined	
extracts	of	a	time	course	experiment,	where	extraction	was	carried	out	at	ten	consecutive	days.119	
A	 typical	 LCMS	 chromatogram	 of	 an	 A.	 strictum	 extract	 was	 analysed	 for	 the	 production	 of	
xenovulene	A	101	and	known	metabolites	107,	108	and	109.	Although	structures	for	107,	108	and	






with	 a	 nominal	mass	 of	 382	 and	 very	 similar	 UV	 absorption	 compared	 to	 the	 other	 tropolone	








































The	 UV	 spectrum	 of	 the	 compound	 eluting	 at	 tR	 =	 8.4	 with	 a	 nominal	 mass	 of	 358	 showed	 a	
maximum	absorption	 at	 276	nm,	which	 is	 consistent	with	 literature	data	 for	101	 (Figure	 2.3).82	
Subsequent	purification	of	4	mg	enabled	full	NMR	analysis.	
























































































































































































































































purified	 compound	 eluting	 at	 tR	 =	 9.5	min	was	 observed	 as	major	 product	 in	A.	 strictum	 liquid	
fermentation,	and	113	mg	were	isolated	(by	M.	Streeck)	from	2	L	extracted	culture.	This	compound	
Time





























































































Analysis	of	 1H	and	 13C	NMR	data	 identified	24	 carbon	atoms	and	27	protons	 (Table	2.2).	HRMS	

















































































































































































































Consideration	 of	 chemical	 shift	 values	 also	 proposed	 a	 direct	 attachment	 to	 oxygen	 for	 C-20	
(dC	72.6,	dH	5.05,	5.23)	and	C-12	 (dC	84.5,	dH	4.91).	 3JCH	 coupling	between	C-12	 (dC	84)	and	H-20	
(dH	5.23)	 indicated	an	ether	 like	 linkage	at	 that	position.	Analysis	of	HMBC	correlations	of	H-12	
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and	carbons	 involved	 in	 the	humulene,	dihydropyran	and	 the	dihydrofuran	 rings	were	assigned	
























































































































































































conditions	 and	 extracted	 ion	 chromatograms	 corresponding	 to	 [M]H+	 =	 399.	 B,	 Chemical	 characterisation	 of	 two	
compounds	with	the	nominal	mass	of	398	eluting	at	tR	=	9.9	min	and	11.7	min.	

























































































































































































































































































































































































































spectrometry)	 was	 frequently	 detected	 by	 LCMS	 of	 A.	 strictum	 culture	 extracts	 alongside	
xenovulene	 A	101.	 The	 compound	 eluted	 at	 tR	 =	 11.3	 and	 showed	 two	UV	 absorption	maxima	















































HMBC	 spectra	 obtained	 for	 108	 enabled	 rapid	 verification	 and	 assignment	 of	 humulene,	
dihydropyran	and	dihydrofuran	proton	and	carbon	signals	to	the	respective	positions	in	154.	
	
Figure	 2.15	 Compound	 154.	 A,	 Typical	 DAD	 chromatogram	 of	 A.	 strictum	 extracts	 obtained	 under	 101	 producing	
conditions.	B,	Characterisation	of	compound	154	eluting	at	tR	=	11.3	min.	
Two	sharp	singlets	integrating	for	one	proton	each	were	identified	in	the	1H	NMR	data	(dH	6.96	at	





















































































































































































































































































































The	HSQC	 spectrum	 revealed	 four	 –CH3,	 five	 diastereotopic	 –CH2,	six	 –CH	 and	 eight	 quaternary	



















































































































































































































































C-16	 for	 these	 carbons.	 However,	 simulation	 of	 chemical	 shifts	 (nmrdb.org)123–125	 suggested	
dC	 128.8	 (simulated	at	dC	 131.5)	 at	C-15	and	dC	 145.3	 (simulated	dC	 146.8)	 at	C-16.	One	 carbon	
(dC	138.5)	showed	no	correlation	to	the	proton	at	position	17,	instead	showing	a	correlation	to	a	
proton	 (dH	2.34)	 at	 C-2	 and	was	 thus	 assigned	 at	 C-14.	 The	 quaternary	 carbon	 at	dC	 131.6	 only	
couples	with	protons	at	C-19	and	was	thus	assigned	at	position	C-18.	
The	second	 isolated	compound	with	a	nominal	mass	of	370	was	only	analysed	by	 1H	NMR.	The	








could	 indicate	 a	 differently	 substituted	 aromatic	 ring,	 similar	 to	 previously	 characterised	
























































































For	 both	 compounds	 one	 major	 fragmentation	 peak	 at	m/z	 =	 165	 was	 observed.	 This	 could	





















































Analysis	of	 1H	and	 13C	NMR	data	of	156	 identified	21	carbon	atoms	and	29	protons	 (Table	2.8).	
HRMS	 of	 156	 confirmed	 a	 molecular	 formula	 of	 C21H30O5	 ([M]H+	 calculated	 363.2171,	 found	
363.2179)	which	suggested	one	exchangeable	proton.	
Table	2.8	NMR	data	for	156	in	CD3OD		(500	MHz)	referenced	CD3OD.	

















































































































































































The	HSQC	spectrum	showed	 four	–CH3,	 five	diastereotopic	–CH2,	seven	–CH	and	 five	quaternary	
carbon	atoms	(Table	2.8).	Comparison	with	1H	NMR,	1H,1H	COSY	and	HMBC	spectra	obtained	for	
108	 and	 101	 enabled	 rapid	 verification	 and	 assignment	 of	 humulene,	 tetrahydropyran	 and	













was	 rarely	 detected	 by	 LCMS	 of	A.	 strictum	 culture	 alongside	 xenovulene	 A	 101.	 2	 mg	 of	 the	
compound	 eluting	 at	 tR	 =	 9.2	 were	 purified	 by	 LCMS	 from	 1	 L	 A.	 strictum	 WT	 culture	 extract	
(Figure	2.24).	1H	NMR	spectrum	showed	characteristic	humulene	signals	and	thus	full	spectroscopic	
information	 was	 acquired	 (13C,	 1H,1H	 COSY,	 HMBC,	 HSQC).	 Further	 evaluation	 of	 NMR	 data	
suggested	the	presence	of	 two	co-eluting	meroterpenoid	compounds	(157	and	158)	 (Table	2.9).	
The	major	compound	157	was	determined	to	have	a	chemical	formula	of	C21H30O4	([M]H+	C21H30O4	




four	 –CH3,	 five	 diastereotopic	 –CH2,	 five	 –CH	 and	 seven	 quaternary	 carbon	 atoms	 (Table	 2.9).	
































A	 geminal	 coupling	 is	 observed	 for	 the	 two	 protons	 attached	 to	 C-17,	 which	 suggested	 its	
attachment	next	 to	a	quaternary	 carbon	such	as	C-15.	Close	analysis	of	 the	multiplet	of	proton	
dH	4.39	suggested	a	doublet	of	doublets	(dd)	with	a	large	(2JHH	=	13.8)	geminal	coupling	and	a	small	
(JHH	=	1.4)	long	range	coupling.	However,	in	the	1H,	1H	COSY	no	correlating	proton	was	identified,	
which	suggested	 the	presence	of	 two	conformers	 rather	 than	a	 long	 range	coupling.	The	minor	
compound	158	 lack	 these	methylene	protons,	but	 instead	a	weak	carbon	signal	at	dC	174.3	was	
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In	 addition	 to	 the	 described	 meroterpenoids	 (Chapters	 2.1-2.7),	 the	 A.	 strictum	 extracts	 were	
analysed	for	possible	polyketide	precursors.	The	proteins	encoded	in	the	aspks1	BGC	are	predicted	







































were	 available,	 the	 initial	 assignments	 were	 tentative	 (Figure	 2.26B).	 However,	 later	 gene	
expression	in	A.	oryzae	(Chapter	5)	enabled	the	isolation	and	detailed	characterisation	of	120,	121,	
123,	 125	 and	 159.	 Comparison	 of	 retention	 time	 tR,	 mass	 and	 UV	 spectra	 of	 A.	 strictum	 and	





















































































































producing	 (ASPM)	 and	 non-producing	 conditions	 (DPY).	 In	 order	 to	 establish	 non	 producing	
conditions	the	ascomycete	was	sub-cultured	in	a	series	of	different	liquid	media	(PDB,	YMG,	ME,	





Figure	 2.27	DAD	 chromatogram	of	 extracts	 obtained	 from	A.	 strictum	 liquid	 cultures	 grown	 for	 6	 d	 in	 the	 indicated	
different	media	(PDB,	YMG,	ME,	DPY,	CM,	ASSA).	
The	A.	strictum	xenovulene	producing	strain	was	exploited	for	101	production,	but	has	not	yet	been	
further	 analysed	 for	 the	production	of	metabolites	under	different	 growth	 conditions.	 This	 first	
screen	 showed	 that	 there	 is	 the	 potential	 to	 isolate	more	 putative	 new	metabolites	 from	 this	
Acetonitril H2O 9:1
Time




































































As	 it	 is	 not	 yet	 known	at	which	 stage	 the	polyketide	 and	 terpene	moiety	 in	101	 are	 fused,	 the	
identification	of	the	less	hydroxylated	tropolone	154	gives	the	first	indication	that	the	fusion	step	





hydroxylation	 of	 the	 6-methyl	 group	 is	 required	 to	 yield	 meroterpenoids.	 This,	 and	 the	
identification	 of	 125	 in	 extracts	 of	 A.	 strictum	 suggests	 either	 123	 or	 125	 as	 the	 most	 likely	
polyketides	for	humulene	106	attachment.	
For	both	compounds	107a	and	109a	structural	isomers	(107b	and	109b)	were	identified.	This	raises	




































































































In	 preliminary	 work,	 a	 potential	 partial	 xenovulene	 A	 101	 BCG	 was	 identified	 (aspks1	 BGC,	
Chapter	 1.3.2).102,127	 The	 BGC	 encodes	 the	 core	 tropolone	 forming	 homologues	 (aspks1/tspks1:	
NR-PKS,	 asL1/tsL1:	 FAD	 dependent	 monooxygenase,	 asL3/tsR5:	 NHI	 dioxygenase,	 asR2/tsL2:	
P450).97,98,102	In	addition,	two	oxidoreductases	are	encoded	(asL4/asL5)	(Figure	3.1).	These	could	be	
involved	 in	 the	 two	 oxidative	 ring	 contractions	 from	 seven	 membered	 tropolones	 to	
cyclopentenone	 in	 xenovulene	 A	101	 (Scheme	 1.17).	 However,	 the	 partial	 22	 kb	 BGC	 does	 not	
encode	a	terpene	cyclase	which	would	be	expected	for	humulene	106	biosynthesis.	In	addition,	no	







For	 further	 analysis	 of	 gene	 expression	 under	 xenovulene	 A	 101	 producing	 and	 non-producing	
conditions	the	respective	transcriptomes	(total	of	all	expressed	messenger	ribonucleic	acid,	mRNA)	
were	 sequenced.	 Fungal	 genomes	 usually	 encode	 several	 BGC	 but	 not	 all	 are	 expressed	
ubiquitously.	 In	 fact,	 BGC	 activation	 and	 secondary	 metabolite	 production	 is	 regulated	 by	
environmental	circumstances.	For	fungi,	different	secondary	metabolites	are	often	observed	when	
grown	 in	 different	 media	 or	 static/liquid	 culture.1	 In	 the	 end	 enzymes	 such	 as	 PKS	 or	 NRPS	












PKS oxidoreductase regulator transporter ferredoxin	like
















Illumina	MiSeq	paired-end	 sequencing	 (Figure	3.2B	and	C).	 The	 raw	data	were	processed	by	Dr	
Daniel	Wibberg	 using	 an	 in-house	 software	 platform	 based	 on	 CASAVA	 1.8.2	 (Illumina).129	 The	
sequenced	300	bp	 reads	were	assembled	with	 gsAssembler	2.8129	with	default	 settings.	A	draft	
































































assigned	 in	 ‘other’	 clade	were	 revised	and	all	were	 found	 to	encode	an	adenylation	domain	 containing	protein.	BGC	
numbers	are	denoted	as	well	as	the	core	gene	(encoding	PKS,	NRPS	and	terpene)	is	listed	with	gene	number.	Structures	
of	natural	products	are	shown	for	BGC	which	show	similarity	to	characterised	BGC.	
The	domain	organisations	of	 all	 predicted	PKS	genes	were	 further	 analysed	with	 the	 conserved	
domain	 (CD)	 analysis	 tool.	 Ten	 HR-PKS,	 one-PR-PKS,	 three	 NR-PKS	 and	 one	 type	 III	 PKS	 were	
annotated	(Figure	3.4).	138–141	Only	one	(Asg3673)	of	the	three	encoded	NR-PKS	was	found	to	have	


















































































Figure	 3.4	 Conserved	 domain	 analysis	 of	 PKS	 genes	 in	 the	A.	 strictum	 genome.	 SAT	 =	 starter	 unit	 acyl	 transferase,	
KS	 =	 ketosynthase,	 AT	 =	 acyltransferase,	 PT	 =	 product	 template,	 DH	 =	 dehydratase,	 C-Met	 =	 C-methyl	 transferase,	





identify	 101	 non-producing	 conditions	 the	 secondary	 metabolite	 production	 was	 analysed	 in	
different	liquid	media	(Chapter	2.9).	DPY	medium	was	found	to	suppress	101	production	but	did	














































Figure	 3.5	 DAD	 chromatograms	 of	 A.	 strictum	 extracts	 grown	 under	 producing	 (upper)	 and	 non-producing	 (lower)	
conditions.	Peaks	at	tR	=	8.4,	9.2,	9.6,	10.0	and	11.7	correspond	to	xenovulenes	101,	107a,	107b,	108	and	109a.	
The	 raw	data	were	 again	processed	by	Dr	Daniel	Wibberg	using	 an	 in-house	 software	platform	
based	on	CASAVA	1.8.2	(Illumina).142	The	75	bp	reads	were	mapped	on	the	A.	strictum	draft	genome	
with	 tophat2,143	after	 further	processing	by	 the	FASTX144	and	 trimmomatic145	 toolkits.	A	 total	of	
~80/120	million	 reads	were	 sequenced	under	 non-producing/producing	 conditions.	On	 average	
95%	of	those	were	mapped	to	the	A.	strictum	draft	genome	(Table	3.2).	
Table	3.2	Read	count	after	quality	control	and	unmapped	reads.	
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log2-fold	 change	 of	 genes	 (Asg3663-Asg3682)	 encoded	 ~25	 kb	 up-	 and	 downstream	 of	 aspks1	
(Figure	3.6	and	Table	3.3).	The	log2-fold	change	of	genes	between	Asg3666-3679	was	found	to	be	
between	 6	 and	 16.	 For	Asg3674	 and	Asg3678,	 no	 reads	 under	 non-producing	 conditions	 were	
assembled	(meanA	=	0),	which	resulted	in	an	infinite	log2-fold	change.	This	analysis	allowed	to	set	
cluster	 boundaries	 of	 the	 aspks1	 BGC	 to	 a	 16	 (Asg3666-Asg3679)	 genes	 encoding,	 48922	 bp	
spanning	 genomic	 region.	 Three	 investigated	 genes	 adjacent	 to	 either	 5’	 (Asg3663-65)	 or	 3’	


















































































































Based	 on	 the	 protein	 homology	 to	 tropolone	 biosynthetic	 enzymes	 from	 stipitatic	 acid	 119	




















































































































































































A	 gene	 encoding	 a	 terpene	 cyclase	 was	 expected	 to	 be	 clustered	 with	 aspks1	 to	 catalyse	 the	
cyclisation	 of	 FPP	42.	 However,	 analysis	 of	 all	 encoded	proteins	 did	 not	 identify	 a	 protein	with	
significant	 homology	 to	 known	 terpene	 cyclases.	 The	 intermolecular	 fusion	 of	 polyketide	 and	
terpene	precursor	is	proposed	to	be	catalysed	by	a	hetero	Diels	Alderase	type	of	enzyme.	A	few	
examples	of	intramolecular	Diels	Alderase	chemistry	have	been	characterised	(Chapter	1.3.4),	but	
proteins	 show	 little	 structural	 homology	 and	 thus	 BLASTp103	 results	 ore	 often	 inconclusive.116	
However,	within	the	aspks1	BGC	two	genes	encoding	proteins	of	unknown	function	(asR5,	asR6)	
and	 two	additional	genes	 (asR4,	asR7)	with	weak	protein	homology	alignments	were	 identified.	
These	were	regarded	as	possible	candidates	to	be	involved	in	a	hetero	Diels	Alder	type	reaction.	
The	 ring	 contraction	 is	 proposed	 to	 happen	 via	 an	 oxidative	 rearrangement/deformylation	





kinds	 of	 enzymes	 are	 known	 to	 catalyse	 epimerisations,	 decarboxylations	 and	 carbonyl-alcohol	
oxidoreductions	 (cd05233).138–141	However,	 the	proposed	biosynthesis	of	101	does	not	 include	a	
step	 in	which	an	SDR	 is	obviously	engaged.	Due	to	 its	co-expression	 it	 is	 likely	 to	be	 involved	 in	
either	 101	 biosynthesis	 or	 in	 a	 further	 transformation	 step	 of	 101.	 However,	 no	 intermediate	
proposing	such	a	reaction	of	101	has	yet	been	observed	in	A.	strictum	extracts.	






example	 the	 PKS	 encoding	 gene	 is	 located	 with	 four	 other	 genes	 in	 one	 BGC	 and	 the	
prenyltransferase	 encoding	 gene	 plus	 ten	 additional	 genes	 are	 encoded	 on	 a	 different	









the	biosynthesis	of	pyripyropene	93,	are	also	 known.77	 For	 the	 latter,	 a	protonation-dependent	
cyclisation	mode	is	proposed,	but	has	not	yet	been	fully	elucidated	(Scheme	3.2).77	Classical	terpene	









by	 fungiSMASH	were	 further	analysed	 for	 their	 absolute	expression	and	 co-expression	with	 the	
aspks1	BGC	by	the	DESeq	tool	(orange	dots,	Figure	3.8).146	
In	 comparison	 to	 the	 aspks1	 BGC	 (green	 dots,	 Figure	 3.8)	 the	 terpene	 cyclases	 (orange	 dots,	
Figure	3.8)	show	a	low	mean	expression	and	no	differential	gene	expression	under	xenovulene	A	
producing	 and	 non-producing	 conditions	 is	 observed.	 For	 only	 one	 of	 the	 investigated	 genes	





13	 genes	 is	 co-regulated	 under	 101	 producing	 conditions.146	 However,	 some	 genes	 are	
constitutively	expressed	(Asg1730,	Asg7948,	Asg10608)	but,	compared	to	the	aspks1	BGC,	at	low	





















































































































a	 strain	 isolated	 from	 a	 marine	 source	 is	 reported	 to	 produce	 several	 metabolites	 such	 as	
pyripyropene	 A	 93,	 several	 diketopiperazines	 and	 the	 alkaloid	 neosartin	 C.152	 However,	 no	
xenovulene	type	meroterpenoids	have	been	reported.	
	




58.0%	 amino	 acid	 identity)	 encoded	 by	 CDV56_06487	 and	 CDV56_06488	 which	 are	 located	







second	 scaffold,	 with	 the	 total	 length	 of	 19	 kb,	 an	 AsL3	 homologous	 protein	 (encoded	 by	
CDV56_10047)	with	78.9%	amino	acid	identity	was	predicted.	The	genes	on	its	left	(CDV56_10046)	








































































However,	 with	 homologues	 of	 the	 core	 tropolone-forming	 enzymes	 (NR-PKS,	 FAD	 dependent	
monooxygenase,	NHI	dioxygenase)	the	A.	thermomutatus	BGC	encodes	all	necessary	enzymes	for	









































































































































AsR6	 is	 a	 protein	 of	 430	 aa	 which	 also	 shows	 very	 few	 good	 (alignment	 score	 >200,	 11	 hits)	
BLASTp103	results.	Apart	from	the	A.	thermomutatus	homologue	AtR3	no	other	protein	was	found	
to	be	co-located	with	an	AsR5	homologue.	No	conserved	domains	or	structural	homologues	were	






DDxxD/E	 and	 (N)DxxT/SxxxD/E.	 The	 alignment	 of	 the	 plant	 humulene	 106	 synthase	 from	
Z.	 zerumbet	 (AB247331.1),	 the	F.	 fujikorii	 koraiol	136	 synthase	Ffsc4	 (CCT72694.1),	C.	acutatum	
CaTPS	 (KP398851.1)	 and	 aristolochene	 38	 synthase	 from	 A.	 terreus	 (AAF13264.1)	 shows	 the	
conserved	Mg2+	binding	sites,	but	no	other	regions	of	significant	homology	(Figure	3.11).	
	






Figure	 3.11	 Alignment	 of	 amino	 acid	 sequences	 of	 class	 I	 terpene	 cyclases	 to	 show	 conserved	motifs	 DDxxD/E	 and	







A	 sequence	 alignment	 of	 AsR6	 and	 selected	 homologues	 could	 not	 identify	 either	 of	 these	
conserved	motifs	(Figure	3.12).	Bioinformatic	analysis	thus	showed	that	although	AsR6	was	shown	


























data	 generated	 under	 xenovulene	 A	 101	 producing	 and	 non-producing	 conditions	 showed	 no	
abundant	 mRNA	 levels	 for	 the	 BGC.	 Attempts	 to	 identify	 virdicatumtoxin	 160	 in	 extracts	 of	
A.	strictum	grown	in	different	liquid	media	(Chapter	2.9)	were	unsuccessful.	

















































































































































































encoded	by	 the	BGC.	 In	 comparison	 to	 the	original	BGC	 from	Phoma	betae	 only	 two	genes	are	
translocated.	 The	 PbGGS	 and	 Pb450-1	 homologues	 encoding	 genes	 exchanged	 positions	 in	 the	
A.	 strictum	 BGC.	 Analysis	 of	 the	 transcriptome	 data	 suggested	 poor	 to	 no	 expression	 of	 the	
aphidicolin	161	BGC	genes	under	the	tested	A.	strictum	fermentation	conditions.	However,	this	was	
not	 further	 investigated	 and	 A.	 strictum	 extracts	 were	 not	 analysed	 for	 the	 presence	 of	
aphidicolin	161.	
Table	3.8	Aphidicolin	161	like	A.	strictum	BGC	with	83%	similarities	(antiSMASH).	


























































































Asg26572658 2655 2654 2653 2652 2651 26502656265926602661266226632664






































































An	 ascomycete	was	 first	 described	 in	 1995	 as	 the	 producer	 of	 xenovulene	A	101.	Based	 on	 its	
morphology	 it	was	classified	as	A.	 strictum.82	The	genomic	era	has	changed	 the	classification	of	
fungal	species.	Nowadays	a	barcoding	sequence	is	additionally	used	to	determine	the	taxonomy	of	
newly	discovered	strains.	For	fingerprinting	of	fungi	the	internal	transcribed	spacer	(ITS),	a	region	




a	 homology	 103	 analysis.	 Best	 alignments	 were	 found	 to	 be	 with	 the	 Sarocladium	 kiliense	 ITS	
sequence,	rather	than	the	A.	strictum	ITS	sequences,	with	a	sequence	identity	of	98%.	The	genomes	
of	S.	kiliense166	and	A.	strictum	(isolate	DS1bioAYav1.0)	became	available	at	the	National	Center	for	








The	 calculated	 low	 pairwise	 identities	 of	 81%	 and	 83%	 of	 the	 101	 producer	 to	 S.	 kiliense	 and	
A.	strictum	indicate	that	it	is	a	novel	species	of	the	Acremonium/Sarocladium	family.	
Table	3.10	Pairwise	compared	ANI	for	A.	strictum	101	producer,	S.	kiliense	and	A.	strictum	DS1bioAYav1.0.	












Analysis	 of	 the	 A.	 strictum	 whole	 genome	 identified	 a	 BGC	 which	 could	 be	 involved	 in	
xenovulene	A	101	biosynthesis.	In	addition,	the	101	producing	A.	strictum	strain	was	found	to	be	
wrongly	 classified	 as	 A.	 strictum	 and	 probably	 represents	 a	 novel	 member	 of	 the	
Acremonium/Sarcoladium	 family.	For	the	time	of	this	work	 it	will	nevertheless	be	referred	to	as	
A.	strictum,	but	for	the	future	the	proposal	of	a	novel	name	should	be	considered.	
The	A.	 strictum	 draft	 genome	of	33.8	Mb	was	assembled	 in	51	 scaffolds	by	Dr	Daniel	Wibberg.	
10622	genes	with	an	average	number	of	2.99	exons	per	ORF	were	predicted.	In	a	comparative	study	
of	82	ascomycete	draft	genomes	an	average	genome	size	of	36.8	Mb	was	calculated	and	predicted	
to	 encode	 an	 average	 of	 11129.45	 genes	 with	 an	 average	 2.58	 exons	 per	 gene.	 The	 genomes	
compared	 in	 this	 publication	 were	 assembled	 on	 7-3164	 scaffolds,	 but	 43%	 of	 those	 genomes	
consist	of	<100	scaffolds.168	The	A.	strictum	genome	as	proposed	in	this	work	thus	represents	an	
average	ascomycete	draft	genome,	with	a	reliable	assembly	in	51	scaffolds	which	enabled	further	
antiSMASH	 analysis	 for	 secondary	 metabolite	 BGC.20–22	 For	 the	 transcriptome	 analysis	 under	
producing/non-producing	conditions	~125/80	million	reads	were	sequenced	and	~95%	could	be	
mapped	to	the	A.	strictum	draft	genome.	For	comparison,	the	published	transcriptome	analysis	of	
Fusarium	 oxysporum	 (F.	 oxysporum)	 resulted	 in	 ~63	 million	 reads,	 with~91%	 located	 on	 the	






with	 a	 domain	 architecture	 suitable	 for	 production	 of	 the	 predicted	 precursor	 aldehyde	120	 of	
xenovulene	 A	 101	 is	 encoded	 in	 the	 entire	 A.	 strictum	 genome.	 Comparative	 gene	 expression	
Genome	and	Transcriptome	of	A.	strictum	
	 72	
analysis	 (DESeq146)	 confirmed	 a	 distinct	 co-regulation	 of	 15	 genes	 accompanying	 aspks1	 under	
xenovulene	A	101	producing	conditions.	Further	BLASTp103	homology	searches	of	these	co-located,	
upregulated	 genes	 confirmed	 tropolone	 core	 genes	 (aspks1,	 asL1,	 asL3	 and	 asR2)97,102	 and	
identified	candidate	genes	for	further	transformation	steps.	Two	of	these	genes	encode	putative	
aromatic	 hydroxylases	 which	 could	 be	 involved	 in	 the	 two	 ring	 contraction	 steps	 (AsL4,	 AsL6).	
Several	(asR4,	asR5,	asR6,	asR7)	genes	encode	proteins	of	unknown	function	which	are	candidates	
to	be	involved	in	the	fusion	of	polyketide	and	terpene	moiety	(Scheme	3.6).	A	predicted	short-chain	











shown	 to	 serve	 as	 a	 terpene	 cyclase	 (Scheme	 3.7A).133	 A	 similar	 phenomenon	 has	 also	 been	
observed	in	the	biosynthesis	of	the	indol	terpenoid	teleocidin	186,	where	a	trans	located	C-methyl	
transferase	initiates	terpene	cyclisation	(Scheme	3.7B).170	However,	both	unusual	terpene	cyclases	
have	 in	 common	 that	 the	 precursor	 terpene	 is	 attached	 to	 the	 polyketide	 precursor	 by	 a	





















































prenyltransferase	 is	 predicted.	 Additionally,	 the	 fusion	 pattern	 (Scheme	 3.6)	 of	 humulene	 and	
























































with	 biosynthetic	 steps.	 For	 example,	 during	 the	 elucidation	 of	 tenellin	189	 biosynthesis	 in	 the	
filamentous	fungus	Beauveria	bassiana	both	strategies	were	used	successfully.	Targeted	knockout	
(KO)	of	tenS,	encoding	a	PKS-NRPS,	showed	total	deficiency	in	189	production.	Silencing	of	tenA	or	
tenB,	 encoding	 two	 P450s,	 led	 to	 the	 accumulation	 of	 intermediates	 pretenellin-A	 187	 and	














































KO	methods	exploit	 a	naturally	occurring	DNA	 repair	mechanism	of	 the	 cell,	which	mends	DNA	
lesions	caused	by	oxidative	and	mechanical	stress	or	ionizing	radiation.179	The	enzyme	Rad51	and	a	
number	 of	 associated	 proteins	 are	 involved	 in	 homologous	 recombination	 in	 yeast	




are	 often	 required	 for	 effective	 recombination.184	 Instead,	 a	 second	 DNA	 repair	 mechanism,	
non-homologous	 end	 joining	 (NHEJ),	 which	 is	 independent	 of	 sequence	 homology,	 is	 used	
ubiquitously.185	 The	 ku	 heterodimer,	 consisting	 of	 two	 DNA	 binding	 proteins	 (ku70	 and	 ku80),	
recognizes	 DNA	 double-strand	 breaks	 and	 recruits	 further	 enzymes	 such	 as	 a	 DNA-dependent	
protein	kinase	and	the	DNA	ligase	IV-XRCC4	complex.182,186,187	NHEJ	mediated	DNA	repair	is	error	
prone	 and	 the	 integration	 of	 exogenous	 DNA	 occurs	 at	 random	 genetic	 loci	 as	 no	 sequence	
homology	 is	 required	 (Figure	 4.2).	 This	 ectopic	 integration	 of	 KO	 cassettes	 by	 NHEJ	 results	 in	




























The	 most	 recent	 developments	 in	 targeted	 gene	 disruption	 are	 genome-editing	 tools	 where	
engineered	nucleases	are	deployed	to	 insert,	 remove	or	 replace	DNA	 in	a	very	specific	manner.	
These	include	meganucleases,	zinc-finger	nucleases,	transcription	activator-like	nucleases	and	the	
currently	most	popular	CRISPR/Cas9	 (type	 II	clustered	regularly	 interspaced	palindromic	repeats	
with	 the	 CRISPR-associated	 protein	 9).	 190,191	 The	 multidomain	 nuclease	 Cas9	 from	
Streptocccus	pyogenes	induces	a	DNA	double-strand	break	at	the	locus	base	pairing	a	20	bp	guide	
RNA	(gRNA).	gRNA	sequences	can	be	adapted	for	the	GOI,	but	must	be	adjacent	to	a	downstream	
5’-NGG	motif	 (protospacer	 adjacent	motif,	 PAM).	 The	 double-strand	 breaks	 can	 be	 repaired	 by	
NHEJ	resulting	in	deletions	or	insertions	of	variable	length.	In	the	presence	of	a	homologous	donor	













Figure	 4.3	 Integration	 of	 two	 DNA	 fragments	 with	 three	 homologous	 recombination	 (HR)	 events	 to	 reduce	 ectopic	
integration	by	the	bipartite	marker	strategy.	
A	different	method	for	the	exploration	of	gene	function	is	post-transcriptional	gene	silencing	which	
often	 results	 in	 decreased	 yields	 rather	 than	 complete	 absence	 of	 the	 investigated	 secondary	
metabolite.	Introduction	of	antisense	RNA	(asRNA)	to	the	mRNA	of	the	GOI	induces	the	formation	
of	 aberrant	 double	 stranded	 RNA	 (dsRNA)	 by	 an	 RNA	 dependent	 RNA	 polymerase	 (RdRP).	 This	
initiates	 the	 endogenous	 silencing	 pathway	 in	 fungi	 which	 is	 involved	 in	 gene	 regulation	 and	
genome	stability.193,194	The	dsRNA	is	degraded	into	small	interfering	RNA	(siRNA)	of	~22	nt	by	the	
endoribonuclease	Dicer.	This	in	itself	results	in	the	destruction	of	much	mRNA,	but	in	a	second,	and	


















































































A	 reliable	 transformation	method	 enables	 further	 genetic	manipulation	 of	A.	 strictum	 and	was	




A.	 strictum	 PEG/CaCl2	 mediated	 protoplast	 (Figure	 4.7B)	 transformation	 with	 pTH-GS-egfp	
(Figure	4.7A)	resulted	in	12	colonies	growing	on	tertiary	selection	plates.	For	fluorescence	analysis	
6	transformants	were	sub-cultured	in	ASPM	liquid	medium,	which	contains	maltose	as	the	carbon	
source	 for	 the	 induction	 of	 PamyB.	 Samples	 of	 4	 d	 old	 transformants	 and	 A.	 strictum	WT	 were	
microscopically	 analysed.	Upon	 excitation	 (450	 –	 490	 nm)	 the	 transformants	 displayed	 a	 green	
fluorescence	correlating	to	the	expression	of	egfp	and	translation	into	protein,	whereas	wildtype	
control	does	not	emit	green	light	(Figure	4.7C	I-IV).	This	confirms	the	successful	transformation	and	
selection	 method	 as	 well	 as	 the	 effective	 initiation	 of	 transcription	 downstream	 of	 PamyB	 in	





Figure	 4.7	 A.	 strictum	 transformation.	 A,	 Vector	 map	 of	 pTH-GS-egfp;	 B,	 A.	 strictum	 protoplasts;	 C,	 A.	 strictum	
transformed	with	pTH-GS-egfp	(I+II)	and	WT	(III+IV),	I+III)	upon	excitation	and	II+IV)	bright-field.	
Although	the	transformation	method	was	successfully	re-established	with	pTH-GS-egfp,	recovering	




recovered	 at	 all.	 To	 address	 this,	 several	 changes	 to	 the	 original	 transformation	 protocol	were	






water	 and	 used	 for	 transformation.	 Tap	 water	 resulted	 in	 overgrown	 plates	 after	 three	 days,	
millipore	water	 yielded	 no	 colonies	 and	 VE	water	 resulted	 in	 colonies	 growing	 after	 10	 d.	 This	
sensitivity	 towards	 the	water	quality	does	not	affect	 the	positive	control,	where	untransformed	























regions	 of	 DNA	 in	 the	 minor	 groove	 and	 can	 be	 visualized	 upon	 excitation	 (358	 nm)	 by	
microscopy.199	It	was	used	to	stain	a	2	d	old	sporulating	A.	strictum	sample	obtained	from	liquid	
culture.	 Excitation	 and	 microscope	 analysis	 showed	 that	 every	 conidiaspore	 harbours	 a	 single	










In	 this	work	pE-YA201	was	used	 as	 vector	 for	 the	 assembly	 of	 all	 KO	 and	 silencing	 constructs	 of	
Chapter	 4.	 This	 vector	 contains	 the	 2µ	 origin	 of	 replication	 (ori)	 and	 ura3	 gene	 (encoding	 an	
orotidine	5’-phopsphate	decarboxylase)	to	select	uracil	auxotroph	S.	cerevisiae	in	uracil	and	uridine	
free	 medium.	 All	 DNA	 fragments	 for	 yeast	 assembly	 were	 amplified	 by	 PCR	 using	 gDNA	 of	
A.	strictum	as	gene	specific	template.	For	amplification	of	the	fungal	selection	marker	appropriate	
vector	DNA	(pTH-GS-egfp,	pTYG-genR)	was	used	as	the	PCR	template	(Figure	4.10).	The	necessary	
30	 bp	 sequence	 overlap	 for	 homologous	 recombination	 of	 the	 individual	 DNA	 fragments	 was	
introduced	 by	 PCR	 through	 tails	 on	 the	 designed	 oligonucleotides.	 pE-YA	 was	 linearized	 by	












The	 selection	 marker	 for	 hygromycin	 B	 (hygR)	 and	 geneticin	 (genR)	 consists	 of	 the	 respective	






































and	 amdS,	 encoding	 an	 acetamidase)	 showed	 that	 targeting	 of	 one	 (niaD)	 genetic	 locus	 was	































































The	 5’	 and	 3’	 bipartite	 substrates	 for	 asL4,	 asL5	 or	 asL6	 were	 amplified	 by	 PCR	 using	
oligonucleotides	Pg+h	and	Pi+j	from	the	corresponding	template	vector	DNA	(RSI77	1–6,	Figure	4.12).	
The	 DNA	 was	 purified	 and	 directly	 used	 for	 PEG/CaCl2	mediated	 protoplast	 transformation	 of	
aspks1asL1 asR2 asR3 asR4 asR5 asR6 asR7asR1asL2asL3asL4asL5asL6asL7
PKS oxidoreductase regulator transporter ferredoxin	like unknown
Targeted	Gene	Knockout	and	Knockdown	in	A.	strictum	
	 84	
A.	 strictum.	 In	 total	 1	 transformant	 targeting	 asL4,	 11	 transformants	 targeting	 asL5	 and	 26	
transformants	targeting	asL6	were	obtained	from	three	rounds	of	transformations	(Table	4.1).	
	
Figure	 4.12	 General	 method	 for	 assembly	 of	 KO	 cassettes	 for	 asL4,	 asL5	 and	 asL6	 in	 pE-YA	 by	 yeast	 homologous	
recombination	(HR).	
For	chemical	analysis	the	16	transformants	obtained	from	transformation	RSI93	(Table	4.1)	were	
grown	 under	 xenovulene	 A	 101	 producing	 conditions,	 extracted	 following	 a	 small	 scale	 (1	mL)	
protocol	and	analysed	by	analytical	LCMS.	Production	of	xenovulene	A	101	was	observed	by	UV	
absorption,	mass	and	tR	in	all	chromatograms	(Figure	4.13).	
For	 genetic	 testing	 of	 the	 22	 transformants	 obtained	 from	 transformations	 RSI103	 and	 RSI104	
(Table	4.1)	gDNA	was	extracted	and	used	as	PCR	template.	Disruption	of	genes	was	analysed	with	





























































































these	 experiments	 heterologous	 promoters	 were	 used	 and	 it	 was	 not	 clear	 if	 they	 promoted	
effective	gene	expression	in	A.	strictum.	The	genome	sequence	of	A.	strictum	enabled	the	use	of	an	
endogenous	promoter	to	drive	the	expression	of	asRNA.	For	this	experiment	the	promoter	of	the	




Assembly	of	 the	 silencing	vectors	 containing	asRNA	of	 the	GOI	downstream	of	A.	 strictum	 PgdpA	
(asPgdpA)	 and	 next	 to	 a	 hygromycin	 resistance	 cassette	 was	 achieved	 by	 in	 vivo	 homologous	
recombination	in	S.	cerevisiae	(RSI95	2:	asL4,	RSI95	4:	asL5	or	RSI95	6:	asL6).	DNA	fragments	for	
assembly	 were	 amplified	 with	 the	 denoted	 oligonucleotides	 Pa–Pf	 by	 PCR	 (Table	 7.8	 for	 used	
oligonucleotides	and	Chapter	4.1.4	for	experimental	details).	
The	silencing	vectors	for	asL4,	asL5	or	asL6	(RSI95	2,	RSI95	4	and	RSI95	6)	were	directly	used	for	
PEG/CaCl2	mediated	 protoplast	 vector	 transformation	 of	A.	 strictum.	 In	 total,	 25	 transformants	
targeting	 asL4,	 16	 targeting	 asL5	 and	 12	 targeting	 asL6	 were	 obtained	 from	 two	 rounds	 of	
transformations	 (RSI106,	 RSI101,	 Table	 9.5).	 For	 chemical	 analysis	 11	 asL4,	 5	 asL5	 and	 8	 asL6	

























the	 presence	 of	 asGOI	 downstream	 of	 asPgpdA	 in	 all	 but	 one	 (RSI106	 6-2)	 of	 the	 tranformants	
transformants	(Figure	4.17).	Further	PCR	analysis	for	the	integration	of	the	hygromycin	resistance	
cassette	using	P419+420,	resulted	in	the	amplification	of	~600	bp	for	all	gDNA	templates,	but	not	





















































































































Dr	 Jack	Davison	using	different	promoters	and	antisense	RNA	 (AsSil	 and	pUC18+hph,	pAsSilPKS,	































Figure	4.18	Vectors	used	 to	 transform	A.	strictum	 in	previous	experiments	A,	 traditional	KO	of	aspks1,	B-D,	silencing	
attempts	with	different	length	of	asRNA	and	promoters.	
4.3.1 Attempted	Gene	Editing	of	aspks1	by	CRISPR/Cas9	
During	 the	 time	of	 this	work	 several	 strategies	 to	apply	CRISPR/Cas9	 technology	 in	 filamentous	
fungi	have	been	published.192,198,204	Amongst	the	first	is	a	single	vector	based	method	developed	by	
Nødvig	et	 al.	 This	 strategy	was	 selected	 for	 application	 in	A.	 strictum	due	 to	 facile	 cloning	 and	
transformation	methodology.198	
A	single	fungal	CRISPR	vector	(pFC332)	is	used	to	introduce	a	codon	optimized	cas9	with	an	SV40	
nuclear	 localization	 signal	 and	 a	 gRNA	 cassette	 (Figure	 4.19)	 into	 the	 fungal	 host	 in	 one	




(Figure	 4.19	 and	 4.20)	 to	 target	 individual	 genes	 can	 be	 introduced	 by	 uracil-specific	 excision	
reagent	cloning	(USERTM	Enzyme,	New	England	Biolabs)	into	a	PacI/Nt.BbvCI	site.207	
Short	 RNA	 without	 a	 cap	 structure	 and	 poly(A)	 tail,	 such	 as	 gRNA,	 are	 transcribed	 by	 RNA	
polymerase	III	in	other	CRISPR/Cas9	systems.	However,	RNA	Polymerase	III	promoters	are	poorly	
defined	 in	 filamentous	fungi	and	hence	Nødvig	et	al.	embedded	the	gRNA	 in	a	 longer	transcript	
which	 is	 transcribed	 by	 RNA	 Polymerase	 II	 under	 the	 control	 of	 the	 constitutive	 PgpdA/TtrpC	
(Figure	4.20).	This	 transcript	encodes	 two	ribozyme	sequences,	a	5’	hammerhead	 (HH)	and	a	3’	























































The	 individual	 gRNA	 sequence	 as	 well	 as	 the	 6	 bp	 inverted	 repeat	 (Figure	 4.20,	 green)	 for	 HH	
cleavage	 are	 introduced	 through	 oligonucleotides	 in	 PCR	 (Pa	 and	 Pb)	 using	 pFC334	 as	 template	
(Figure	4.21).	pFC334	is	a	vector	containing	a	gRNA	cassette	with	a	protospacer	(Figure	4.20,	red)	
to	target	yA	(p-diphenol	oxidase)	in	A.	nidulans,	but	can	be	used	as	a	PCR	template	for	any	gRNA	










































The	 obtained	 plasmid	 (RSI59B2)	 was	 used	 to	 transform	 A.	 strictum	 by	 CaCl2/PEG	 mediated	
protoplast	 transformation.	 This	 yielded	 45	 colonies	 from	 two	 rounds	 of	 transformations.	 15	































































































PCR	 template.	 The	 DNA	 fragments	 were	 purified	 and	 used	 directly	 for	 CaCl2/PEG	 mediated	
protoplast	 transformation	 of	 A.	 strictum.	 In	 4	 rounds	 of	 transformations	 43	 colonies	 were	
generated	and	analysed	for	their	secondary	metabolite	production	(Appendix	Table	9.6).	




(49	 mL)	 of	 RSI58	 1-1	 was	 extracted	 and	 LCMS	 analysis	 confirmed	 the	 lack	 of	 101	 or	 related	
compounds	107-108	(Figure	4.27).	































With	 gDNA	of	RSI58	1-1	 –	 1-9	 as	 template	 a	 2400	bp	DNA	 fragment	was	 amplified	 for	 all	 used	
templates,	but	RSI58	1-1,	indicating	a	5’	disruption	of	aspks1	(Figure	4.28A1).	
2)	P323+618	amplifying	a	1291	bp	 fragment	at	5’	aspks1	 if	 the	5’	bipartite	 substrate	 integrated	
correctly.	With	gDNA	of	RSI58	1-1	as	template	a	1291	bp	DNA	fragment	was	amplified,	but	not	from	
A.	strictum	WT	gDNA,	suggesting	correct	integration	of	the	5’	bipartite	substrate	(Figure	4.28B2).	
3)	 P419+420	 amplifying	 a	 710	 bp	 fragment	 only	 if	 the	 hygromycin	 cassette	 (hygR)	 recombined	





5)	P619+557	amplifying	a	1652	bp	 fragment	at	3’	aspsk1	 if	 the	3’	bipartite	 substrate	 integrated	
correctly.	With	gDNA	of	RSI58	1-1	no	DNA	fragment	of	the	expected	size	(1652	bp)	was	amplified,	
but	instead	a	~4	kb	band	was	detected.	The	~4	kb	DNA	fragment	was	not	amplified	from	A.	strictum	

















































5’	 site	 of	 aspks1	 led	 to	 the	 displacement	 of	 the	 promoter	 region	 and	 the	 inability	 to	 initiate	
downstream	 transcription	 at	 that	 site.	 Oligonucleotides	 P826+899	 were	 designed	 to	 amplify	 a	
139	 bp	 DNA	 fragment	 spanning	 3’	 aspks1	 (introduced	 through	 bipartite	 substrates)	 and	
endogenous	5’	aspks1	 (Figure	4.29).	Gel	electrophoresis	of	 the	DNA	 fragment	amplified	by	PCR	


























































Genetic	 analysis	 of	 RSI58	 1-1	 showed	 that	 aspks1	 was	 displaced	 from	 its	 promoter	 by	 the	
recombined	bipartite	substrates	and	a	590	bp	insertion.	This	probably	led	to	the	inability	to	express	
aspks1	 which	 would	 explain	 the	 lack	 of	 xenovulene	 A	 101	 and	 related	 compounds	 107-109	




complementation	 experiment,	 where	 aspks1	 is	 reintroduced	 in	 the	 Daspks1	 strain	 (RSI58	 1-1)	
should	re-establish	101	biosynthesis	and	give	final	confirmation	that	aspks1	encodes	the	protein	
that	produces	the	polyketide	precursor	for	xenovulene	A	101.	








































2)	 P147+322	 amplifying	 a	 2279	 bp	of	 aspks1	 under	 the	 control	 of	 PamyB.	 Only	 with	A.	 strictum	
Daspks1+aspks1	(RSI79	6)	gDNA	as	PCR	template	a	2279	bp	was	amplified.	This	shows	that	aspks1	
downstream	PamyB	is	present	after	transformation	of	RSI74	(aspks1	in	pTYG-genR)	(Figure	4.31	2).	
3)	P323+618	amplifying	a	1291	bp	 fragment	at	5’	aspks1	 if	 the	5’	bipartite	 substrate	 integrated	
correctly	 to	 prove	 that	 the	Daspks1	 strain	 RSI58	 1-1	was	 further	 transformed.	 A	 1291	bp	DNA	












































A.	 strictum	 WT	 gDNA	 was	 amplified.	 This	 confirms	 the	 lack	 of	 endogenous	 aspks1	 and	 thus	
contamination	free	transformants	A.	strictum	Daspks1+aspks1	(RSI79	6)	and	A.	strictum	Daspks1	
(RSI58	1-1)	(Figure	4.31	4).	

















































biosynthesis	 of	 natural	 products.	 Xenovulene	 A	 101	 belongs	 to	 a	 rare	 family	 of	 secondary	
metabolites	 from	ascomycetes	and	 the	A.	 strictum	producer	 is	 the	only	 strain	with	an	available	
sequenced	 genome	 that	 can	 be	 exploited	 for	 genetic	 manipulation.	 Abundant	 protoplasts	





(aspks1,	asL4,	asL5	 and	asL6)	none	was	 shown	 to	have	 integrated	 the	KO	cassette	as	 intended.	
Reconstitution	of	the	selection	gene	(hph	or	nptII)	proved	that	A.	strictum	is	able	to	homologously	
recombine	 DNA	 fragments,	 but	 appears	 to	 be	 barely	 deploying	 it.	 However,	 with	 RSI58	 1-1	
(A.	strictum	Daspks1),	a	transformant	unable	to	produce	101	was	generated	by	transformation	of	
the	 bipartite	 substrates	 targeting	 aspks1.	 Genetic	 analysis	 by	 PCR	 revealed	 an	 unexpected	
integration/insertion	event	(Figure	4.29)	that	separated	the	promoter	from	aspks1	and	resulted	in	
loss	 of	 mRNA	 transcription.	 A	 subsequent	 complementation	 experiment	 with	 aspks1	 (RSI79,	
A.	 strictum	 Daspks1+aspks1)	 confirmed	 that	 the	 aspks1	 BGC	 is	 involved	 in	 xenovulene	 A	 101	
production.	These	findings	are	further	supported	by	heterologous	gene	expression	of	the	aspks1	
BGC	 genes	 which	 led	 to	 the	 isolation	 of	 101	 from	 A.	 oryzae	 NSAR1	 (Chapter	 5).	 This	 work	
demonstrated	that	although	the	bipartite	strategy	improves	targeted	gene	disruptions	in	a	variety	
of	other	fungi,62,209,210	it	is	not	applicable	for	the	aspks1	BGC	genetic	locus	of	A.	strictum.	KO	of	the	
non-homologous	 end	 joining	 involved	 genes	 ku80	 or	 ku70	 in	 A.	 strictum	 could	 improve	 gene	
targeting	as	ectopic	 integration	should	be	 less	efficient	 in	the	mutant	strain.	However,	although	
Dku80	mutants	were	shown	to	improve	gene	targeting	rates	in	N.	crassa	and	M.	ruber,188,211it	did	
not	improve	gene	targeting	at	the	ACE1	genetic	locus	in	M.	grisea.202	
With	 attempted	 gene	 silencing	 and	 CRISPR/Cas9	 two	 strategies	 independent	 of	 homologous	








asPgpdpA.	 It	 was	 assumed	 that	 1.5	 kb	 promoter	 length	 are	 sufficient,	 however	 it	 has	 not	 been	
analysed	whether	 the	promoter	 sequence	 is	 long	enough	 to	drive	gene	expression.	 In	addition,	







homologues	 (Table	 4.2).	 Dicer	 DCL-2	 involved	 in	 meiotic	 silencing	 was	 found	 to	 have	 one	















Aspergillus	 was	 selected	 due	 to	 facile	 cloning	 and	 transformation.	 Despite	 successful	
N		crassa	 NCBI	Accession	 A.	strictum	 E	value	
meiotic	silencing	
QDE-1	(RdRP)	 XM_953954.2	 Asg2314	 5e-147	
QDE-2	(Ago)	 AF217760.1	 Asg4864	 0	
DCL-2	(Dicer)	 XM_958445.3	 Asg5496	 0	
quelling	
SAD-1	(RdRP)	 XM_959155.3	 Asg850	 0	
SMS-2	(Ago)	 AF508210.1	 Asg4581	 0	





not	 previously	 been	 tested	 for	 its	 activity	 in	A.	 strictum.	 To	 analyse	 the	 ability	 of	 Pteft	 to	 drive	
transcription	in	A.	strictum	cas9	should	be	expressed	alongside	egfp.	The	resulting	fusion	protein	
could	be	visualized	by	microscopy	and	the	cellular	 localisation	could	be	determined.	 If	 the	gene	
expression	 and	 nuclear	 protein	 localisation	 can	 be	 confirmed,	 different	 protospacer	 sequences	
should	be	tested	to	improve	gene	targeting.	In	this	work	the	protospacer	was	selected	manually.	In	
order	 to	 reduce	 off	 target	 effects,	 which	 have	 been	 observed	 with	 CRISPR/Cas9,216	 a	 software	
package,	such	as	sgRNAcas217,	should	be	used.	At	the	time	when	the	experiment	was	set	up	for	
A.	 strictum	 only	 two	 CRIPSR/Cas9	 strategies	 were	 available	 for	 filamentous	 fungi,	 but	 in	 the	





Heterologous	expression	of	 single	genes	or	entire	BGC	 is	used	 to	analyse	biosynthetic	 routes	of	
microorganisms	 where	 targeted	 gene	 disruption	 or	 transformation	 methods	 are	 ineffective.	
Beyond	that	it	offers	many	engineering	possibilities	such	as	co-expression	of	genes	from	different	
biosynthetic	 pathways	 to	 produce	 novel	 hybride	 secondary	 metabolites.	 Gene	 expression	 in	
Escherichia	coli	and	recombinant	protein	purification	allows	the	study	of	reactions	in	vitro.	
The	 arginine	 auxotroph	A.	 oryzae	M2-3	 strain	 has	 previously	 been	used	 successfully	 to	 express	
single	genes	or	entire	BGC.	For	example,	the	four	genes	which	encode	the	tenellin	189	BGC	make	
up	 the	 first	 complete	 fungal	 BGC	 to	 be	 expressed	 heterologously.219	 The	 biosynthesis	 of	 more	
complex	 fungal	 metabolites,	 such	 as	 the	meroterpenoids	 pyripyropene	 93	 and	 anditomin	 190,	





PCR	 from	g-	or	 cDNA	of	 the	producing	ascomycete.	For	 closely	 related	species	 intron	splicing	 is	
usually	not	problematic,	however	when	expressing	genes	from	distantly	related	fungi	intron	free	
clones	are	advantageous.	Due	to	similar	codon	usage	between	the	fungal	strains	no	optimisation	is	




The	 quadruple	 auxotroph	 A.	 oryzae	 NSAR1	 is	 deficient	 in	 arginine	 (DargB),	 methionine	 (sC-),	


























the	 natural	 sensitivity	 of	A.	 oryzae	 NSAR1	 towards	 the	 antibiotics	 bleomycin	 and	 the	 herbicide	
glufosinate	(bleR,	bar)	enables	the	use	of	two	more	selection	markers.		
The	 pTYGS	 fungal	 expression	 vectors,	 which	 are	 available	 with	 selection	 markers	 for	 all	
auxotrophies	 and	 sensitivities	 (argB,	 sC,	 adeA,	 niaD,	 bleR,	 bar),	 contain	 four	 fungal	
promoter/terminator	(P/TamyB,	P/Tadh,	P/TgpdA,	P/Teno)	gene	cloning	sites	(Figure	5.2A).	In	theory,	the	









and	 further	 transformed	 into	 E.	 coli	 for	 facile	 screening	 of	 colonies	 by	 PCR.	 For	 selection	 and	
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mixture	 containing	 bacteriophage	 l	 integrase	 proteins	 (integrase,	 integration	 host	 factor,	
excisionase)	 which	 interchange	 DNA	 flanked	 by	 attR	 sites	 with	 DNA	 flanked	 by	 attL	 sites	
(Figure	5.2A).222	attL	recombination	sequences	are	included	in	the	E.	coli-S.	cerevisiae	shuttle	vector	




the	 gateway	 entry	 clone	 pE-YA.	 B,	 Gateway	 cloning	 by	 LR	 recombination	 between	 pE-YA	 (entry	 clone)	 and	 pTYGS	
(destination	vector)	yielding	in	expression	clone	(pTYGS)	and	donor	vector	(pE-YA).	
pE-YA	can	be	used	for	HR	by	S.	cerevisiae	to	assemble	large	synthase	genes,	such	as	pks,	in	multiple	
fragments,	 but	 it	 is	 also	 useful	 for	 small	 genes	 (Figure	 5.3A).	 By	 incubation	 of	 the	 entry	 vector	






















































Genes	 amplified	 from	 cDNA	 (asL1,	 asL3	 and	 asR2)	 were	 initially	 sub-cloned	 in	 pCR2.1	 by	 the	
TOPO	 TA	 cloning	 kit	 (Invitrogen).	 Correct	 splicing	 was	 confirmed	 by	 sequencing	 (Eurofins,	
Ebersberg)	and	the	vector	used	as	template	in	further	PCR	reactions.	Assembly	of	1	or	2	genes	in	
pTYGS	expression	vectors	was	achieved	by	designing	oligonucleotides	with	an	overlap	to	Tadh/PgpdA	
or	 TgpdA/Peno	 and	Peno,	which	 resulted	 in	 the	 removal	 of	 the	 2480	bp	 Tadh/PgpdA	or	 the	 respective	
800	bp	TgpdA/Peno	DNA	fragment.	All	entry	and	expression	clones	used	 for	LR	recombination	and	
subsequent	A.	oryzae	NSAR1	transformation	are	displayed	in	Figure	5.5.	Additional	vectors	which	
aspks1asL1 asR2 asR3 asR4 asR5 asR6 asR7asR1asL2asL3asL4asL5asL6asL7



































































transformation.	 The	 selection	 medium	 was	 adapted	 to	 the	 vectors	 used	 in	 the	 individual	
transformation.	
In	experiment	RSI105,	for	example,	the	three	vectors	RSI96	1-6	(pTYGSarg),	RSI96	5-1	(pTYGSmet)	
and	RSI100	2-16	 (pTYGSade)	were	co-transformed	 in	A.	oryzae	NSAR1.	As	each	of	 these	vectors	



















































































































































































































































Genomic	 DNA	 of	 selected	A.	 oryzae	 NSAR1	 colonies	was	 isolated	 and	 analysed	 by	 PCR	 for	 the	
intended	integration	of	genes	with	gene	specific	oligonucleotides	(Figure	5.6).	A.	strictum	WT	gDNA	
served	as	positive,	and	gDNA	of	an	A.	oryzae	NSAR1	strain	(RSI74	2)	transformed	with	pTYGSarg,	
pTYGSmet	 and	 pTYGSade	 empty	 vectors	 as	 negative,	 control	 (Figure	 5.6).	 Comparison	 of	 DNA	

















Tropolone	biosynthesis	 (Scheme	5.1)	 in	T.	 stipitatus	 is	achieved	by	3	core	enzymes:	 the	NR-PKS	
TropA,	 releasing	 120;	 the	 FAD	 dependent	 monooxygenase	 TropB,	 which	 hydroxylates	 and	














these	 initial	 steps	 had	 to	 be	 re-established	 in	 the	 fungal	 host	 A.	 oryzae	 NSAR1.	 In	 addition,	























































Figure	5.7	Expression	of	aspks1.	A,	Domain	organisation	of	aspks1	encoding	 the	NR-PKS	MOS	 (SAT:	 starter	 unit	 acyl	
transferase,	 KS:	 ketosynthase,	AT:	Acyl	 transferase,	 PT:	 product	 template,	ACP:	 acyl	 carrier	 protein,	C-Met:	C-methyl	
transferase,	 R:	 reductive	 release).	 B,	 A.	 oryzae	 NSAR1	 WT	 and	 A.	 oryzae	 NSAR1	 +aspks1	 on	 DPY	 agar.	 C,	 DAD	
chromatogram	of	an	A.	oryzae	WT	and	ab	A.	oryzae	 +aspks1	 sample	measured	with	analytical	gradient	A1	on	LCMS.	
Extracts	were	obtained	from	cultures	grown	in	Starch	M	+	0.15%	methionine	for	6	d.	
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NMR	data	of	193	and	120	were	 found	 to	be	almost	 identical.	Apart	 from	 two	additional	O-CH3	
chemical	shifts,	 they	are	very	similar	 (Table	5.2,	Figure	5.16)).	However,	 the	6-CH3	group	of	120	















































































































































































secondary	 metabolite	 profile	 the	 transformants	 were	 sub-cultured	 in	 PamyB	 induction	 medium.	
Liquid	cultures	and	plates	of	these	transformants	displayed	a	bright	yellow	colour	(Figure	5.15B).	






Figure	 5.15	 Expression	 of	 three	 genes.	 A	Co-expression	 of	aspks1+asL1+asL3.	 B	A.	 oryzae	 NSAR1	 +aspks1+asL1	 and	
A.	 oryzae	 NSAR1	 +aspks1+asL1+asL3	 on	 DPY	 agar.	 C	 DAD	 chromatogram	 of	 an	 A.	 oryzae	 NSAR1	 +aspks1	 and	 an	




compared	 to	 literature	 data	 could	 be	 explained	 due	 to	 a	 pH	 dependent	 different	 resonance	
structure.	 HRMS	 confirmed	 a	molecular	 formula	 of	 C9H8O4	 ([M-H]-	C9H7O4	 calculated	 179.0344,	
found	179.0344).	
Time





















































































of	 their	 secondary	 metabolite	 profile	 the	 transformants	 were	 sub-cultured	 in	 PamyB	 induction	
medium.	 Liquid	 cultures	 and	 plates	 of	 these	 transformants	 displayed	 a	 bright	 yellow	 colour	
(Figure	 5.18B).	 The	 obtained	 extracts	 (Chapter	 5.1.2)	 were	 submitted	 to	 LCMS	 and	 the	
chromatograms	were	analysed	(Figure	5.18C).	Several	new	compounds	eluting	at	tR	=	4.7,	5.5,	7.3	

















































































Figure	 5.18	 Expression	 of	 four	 genes.	 A,	 Co-expression	 of	 aspks1+asL1+asL3+asR2.	 B,	 A.	 oryzae	 NSAR1	















atoms	 and	 7	 protons.	 HRMS	 of	 195	 confirmed	 a	molecular	 formula	 of	 C10H8O4	 ([M]H+	 C10H9O4	
calculated	193.0501,	found	193.0502)	which	suggested	one	exchangeable	proton.	Comparison	of	
Time


















































































































































































subsequent	 full	 NMR	 analysis	 as	 well	 as	 HRMS	 ([M-H]-	 C18H11O8	 calculated	 355.0454,	 found	
355.0452)	confirmed	this	observation	(Chapter	7.5.6	for	NMR	data).	
The	final	newly	observed	peak	at	tR	=	4.7	showed	two	distinct	UV	absorption	maxima	and	a	nominal	
mass	of	180,	which	 is	consistent	with	 literature	data	of	cordytropolone	159	 (Figure	5.23).98	This	










































































































































































































































































125.	 For	 the	 following	 required	 three	processes	 (humulene	 formation,	 fusion	of	polyketide	and	
terpene,	and	the	two	ring	contractions)	no	logical	prediction	could	be	made	from	in	silico	analysis	
of	 the	 BGC.	 This	 is	 due	 to	 the	 lack	 of	 a	 suitable	 terpene	 cyclase	 encoding	 gene	 and	 to	 the	
biosynthetically	 unprecedented	 steps	 of	 a	 proposed	 hetero	 Diels	 Alder	 reaction	 as	well	 as	 two	
unusual	ring	contractions	(Scheme	5.3).	
In	an	attempt	to	express	as	many	genes	as	possible	from	the	aspks1	BGC,	12	genes	were	initially	











































































The	 obtained	 extracts	 (Chapter	 5.1.2)	 were	 submitted	 to	 LCMS	 and	 the	 chromatograms	 were	
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A.	 oryzae	NSAR1	WT	 and	A.	 strictum.	B,	 Chemical	 characterisation	 of	101	 isolated	 from	A.	 strictum	WT	 and	C,	 101	
produced	by	A.	oryzae	NSAR1	transformed	with	11	genes	from	the	aspks1	BGC.	
	





















































































































1	 mg	 was	 obtained	 from	 2	 L	 of	 DPY	 culture	 extracts.	 Subsequent	 1H	 NMR	 analysis	 showed	
characteristic	humulene	signals.	Thus	full	NMR	was	acquired	and	analysis	of	1H	and	13C	NMR	data	
of	197	identified	23	carbon	atoms	and	30	protons	(Table	5.5).	HRMS	of	197	confirmed	a	molecular	






Chemical	 shifts	 of	 the	 humulene	 skeleton	 were	 assigned	 according	 to	 previously	 isolated	
A.	strictum	WT	compounds	(Chapter	2.1-2.7).	In	addition,	the	characteristic	ether	linkage	of	C-12	
(dC	 84.3)	 to	 C-13	 (dC	 72.5)	 was	 identified.	 For	 the	 usually	 observed	 tetrahydrofuran	 ring	 in	





























































































































































































ring	contractions)	 it	 is	 likely	 that	 fewer	 than	seven	proteins	are	 required.	 In	a	KO	by	expression	
(KOe)	experiment,	eight	different	A.	oryzae	NSAR1	strains	were	generated.	Seven	of	those	included	
sets	of	ten	genes	(Figure	5.30	1-7)	and	one	included	a	set	of	eight	genes	(Figure	5.30	8).	
For	 every	 set	 of	 genes,	 several	 transformants	 (Table	 5.1)	 were	 sub-cultured	 in	 PamyB	 induction	
medium.	Extracts	(Chapter	5.2.1)	were	analysed	for	their	production	of	xenovulene	A	101	or	any	








(Figure	 5.33).	 In	 extracts	where	asL2,	asL5	 or	asR4	were	not	 expressed,	 xenovulene	A	101	was	
clearly	detected	(Figure	5.33).	This	indicates	that	proteins	encoded	by	these	genes	are	not	essential	
for	101	production.	On	the	contrary,	when	asR5	or	asR6	were	not	expressed,	no	xenovulene	or	















aspks1asL1 asR2 asR4 asR5 asR6asL2asL3asL5asL6
aspks1asL1 asR2 asR4 asR5 asR6asL2asL3asL4asL6
aspks1asL1 asR2 asR4 asR5 asR6asL2asL3asL4asL5
aspks1asL1 asR2 asR5 asR6asL2asL3asL4asL5asL6
aspks1asL1 asR2 asR4 asR6asL2asL3asL4asL5asL6
aspks1asL1 asR2 asR4 asR5asL2asL3asL4asL5asL6















(aspks1,	 asl1,	 asL3,	 asL4,	 asL6,	 asR2,	 asR5,	 and	 asR6).	 Subsequent	 transformation	 of	
A.	oryzae	NSAR	1	with	these	eight	genes	and	analysis	of	the	secondary	metabolite	production	by	
Carsten	 Schotte	 showed	 the	 production	 of	 101	 (Figure	 5.32).	 This	 confirmed	 the	 minimal	
xenovulene	aspks1	BGC.	
Time
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role	 in	 biosynthesis	 (Chapter	 5.2).	 Of	 the	 four	 remaining	 genes,	 two	 encode	 putative	 FAD	
dependent	 oxidoreductases	 (asL4,	 asL6)	 and	 two	 showed	 very	 weak	 bioinformatic	 functional	
predictions	 (asR5,	 asR6).	 The	 KO	 by	 expression	 (KOe)	 experiments	 (Chapter	 5.3)	 showed	 that	
omission	 of	 either	 asL4	 or	 asL6	 still	 led	 to	 the	 production	 of	 traces	 of	 101	 (Figure	 5.33).	 This	
indicates	that	these	transformants	express	all	genes	necessary	for	meroterpenoid	production.	 It	
was	thus	concluded	that	proteins	encoded	by	asL4	and	asL6	are	most	likely	involved	in	the	later	






of	 the	 secondary	metabolite	 production	 by	 Carsten	 Schotte	 showed	 the	 production	 of	 a	 novel	
compound	at	tR	=	11.2	min	(Figure	5.34).	UV	absorption,	tR	and	the	determined	low	resolution	mass	
of	382	were	consistent	with	the	A.	strictum	WT	meroterpenoid	154	described	earlier	in	this	thesis	



































































resulted	 in	 the	detection	of	a	major	novel	peak	eluting	at	 tR	=	8.7	 (Figure	5.36A	and	5.36B).	As	
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assigned	 (Chapter	 5.2:	aspks1,	asL1,	asL3,	asR2;	 Chapter	 5.5:	asR6).	 For	AsR5	 (Chapter	 5.5)	 the	














































































The	 compound	with	 tR	 =	 9.2	min	was	 only	 observed	 in	 fungal	 extracts	 lacking	 asL4	 expression	
whereas	 the	 compound	 eluting	 at	 tR	 =	 9.4	 min	 was	 only	 traceable	 in	 extracts	 lacking	 asL6	
expression.	 Retention	 time,	 HRMS	 and	MS2	 (Appendix	 9.4.6)	 identified	 the	 two	 compounds	 as	
phenolic	meroterpenoids	109a	([M-H]-	,	C23H29O4,	calculated	369.2066,	found	369.2066)	and	109b	












































































































from	 A.	 strictum	 g-	 and	 cDNA	 into	 several	 vectors	 of	 the	 pTYGS	 family.	 Through	 subsequent	
protoplast	transformation	of	A.	oryzae	NSAR1	with	16	different	vector	combinations	the	secondary	
metabolite	 production	 of	 transformants	 harbouring	 16	 different	 combinations	 of	 genes	 was	
analysed.	
5.7.1 Tropolone	Biosynthesis	in	A.	strictum	
Sequential	 transformation	and	expression	of	aspks1,	asL1,	asL3	and	asR2	 led	 to	 the	 isolation	of	








forming	 proteins.	 MOS	 (NR-PKS,	 encoded	 by	 aspks1)	 releases	 120,	 which	 is	 oxidatively	
dearomatised	 by	 the	 salicylate	 monooxygenase	 AsL1	 to	 give	 enone	 121	 (Scheme	 5.7A).	 This	
intermediate	undergoes	further	hydroxylation	(122)	and	ring	expansion	to	stipitaldeyhde	123	by	
AsL3,	a	non-heme	FeII	dependent	dioxygenase.	The	P450	monooxygenase	AsR2	hydroxylates	the	








































































































































identified	 (Chapter	 3.3.1).	 In	 order	 to	 determine	 the	 minimal	 aspks1	 BGC	 a	 KO	 by	 expression	











To	probe	 this	hypothesise,	both	proteins	 (AsR5	and	AsR6)	were	solubly	expressed	 in	E.	 coli	 and	
in	vitro	assays	were	conducted	(by	Carsten	Schotte).	In	the	presence	of	Mg2+	AsR6	was	shown	to	
cyclise	FPP	42	to	humulene	106.	AsR6	is	a	protein	that	possesses	no	DDxxD	or	NSE	motif,	which	is	





assays	 were	 carried	 out.	 Incubation	 of	 neither	 AsR5,	 AsR6,	 FPP,	 125	 and	 Mg2+/Ca2+	 or	 AsR5,	
humulene	106	 and	125	 showed	 conversion	 to	 the	 tropolone	meroterpenoid	154	 (Scheme	 5.5).	














































































































The	 final	 steps	 of	 101	 biosynthesis	 are	 two	 ring	 contractions	 to	 form	 a	 cyclopentenone	 from	
tropolone	meroterpenoids	(Scheme	1.18A).	The	A.	oryzae	NSAR1	expression	studies	showed	that	
asL4	 and	 asL6,	 both	 encoding	 FAD	 dependent	monooxygenases,	 are	 crucial	 for	 this	 chemistry.	
When	both	are	not	expressed	only	meroterpenoid	154	 can	be	observed.	However,	when	either	
asL4	or	asL6	are	KOe,	traces	of	101	and	the	two	different	phenolic	structural	isomers	109a	and	109b	










The	 isolated	A.	strictum	WT	compounds	107a	 and	107b,	as	well	as	 the	exclusive	observation	of	








was	 investigated	 for	 p-hydroxybenzoate	 3-hydroxylase.229	 The	 direct	 hydroxylation	 by	 a	
nucleophilic	 attack	 of	 the	 activated	 p-hydroxybenzoic	 acid	 212	 to	 the	 hydroperoxoflavin	 70b	
resulted	in	the	respective	dihydroxylated	compound	214	via	a	cyclohexadieneone	intermediate	213	
OH
























































































































Scheme	 5.13	 FAD	 dependent	 aromatic	 hydroxylation.	 A,	 Hydroxylation	 of	 p-hydroxybenzoic	 acid	 212.	 B,	 Simpson’s	
proposed	hydroxylation	and	ring	contraction	of	tropolone	meroterpenoid	154.84	
An	alternative	epoxidation	dependent	oxidation	of	154	to	107a	or	107b,	could	also	explain	the	ring	
contraction	 towards	 phenolic	 compounds	 109a	 and	 109b	 through	 1,2	 alkenyl	 migration	
(Scheme	5.15A).	The	corresponding	1,2	hydride	migration,	known	as	the	NIH	shift,	would	explain	
and	define	compounds	107a	and	107b	as	shunts	(Scheme	5.15B).232	The	NIH	shift	 is	observed	in	









































































































































A	 similar	 ring	 contraction	 mechanism	 is	 proposed	 in	 terrein	 132	 biosynthesis	 (Scheme	 5.16).	
Although	 the	 molecular	 steps	 have	 not	 yet	 been	 characterised,	 a	 BGC	 responsible	 for	 132	








































































































































The	 major	 focus	 of	 this	 project	 was	 the	 identification	 and	 investigation	 of	 a	 BGC	 involved	 in	










The	 direct	 intermediate	 produced	 by	 the	 cyctochrome	 P450	 monooxygenase	 AsR2,	 which	 is	
proposed	to	be	compound	124a	in	equilibrium	with	its	hemiacetal	124b,	was	not	observed.	Also	in	
the	 T.	 stipitatus	 pathway	 this	 likely	 intermediate	 is	 shunted	 to	 125	 probably	 very	 quickly	
(Scheme	6.1).98	Expression	of	 the	T.	 stipitatus	AsR2	homologue	yielded	 insoluble	protein,	which	





Further	 heterologous	 expression	 of	 different	 gene	 sets	 of	 the	 aspks1	 BGC	 in	A.	 oryzae	NSAR1	
identified	 two	 genes	 encoding	 proteins	 of	 unknown	 function,	 which	 are	 essential	 for	
meroterpenoid	production.	In	vitro	enzyme	assay	confirmed	one	(AsR6)	as	unprecendent	humulene	
synthase	(Chapter	5.5).	Although,	this	work	showed	that	the	protein	is	Mg2+	dependent,	such	as	
classical	 terpene	cyclases,	no	active	site	 residues	 for	Mg2+	coordination	were	 identified	 in	 silico.	
Future	crystallisation	of	this	protein	will	identify	active	site	residues	and	possibly	reveal	more	about	
a	structural	relationship	to	classical	terpene	cyclases.	
aspks1asL1 asR2 asR3 asR4 asR5 asR6 asR7asR1asL2asL3asL4asL5asL6asL7























moiety	 (Chapter	5.5).	 For	 this	 reaction	a	hetero	Diels	Alder	 reaction	has	been	proposed	and	 its	
feasibility	was	shown	in	vitro	by	Baldwin	and	co-workers	(Chapter	1.3.4).111,113	Only	a	few	examples	
of	enzymes	catalysing	a	DA	or	hDA	reaction	are	reported	in	the	literature	and	a	variety	of	protein	





show	 the	nature	of	 a	 concerted	Diels	Alder	 reaction.	Additional	molecular	 dynamic	 simulations	
under	consideration	of	a	protein	crystal	structure	or	substrate	transitions	states,	which	were	used	
to	 show	 the	 concerted	Diels	Alder	 reaction	 in	abyssomicin	and	 leporin	B	64	 biosynthesis,	 could	
finally	confirm	the	mechanism.64,234	
The	two	FAD	dependent	monooxygenases	AsL4	and	AsL6	were	identified	as	crucial	for	the	proposed	
ring	 contractions	 (Chapter	 5.4	 and	 5.6).	 It	 is	 likely	 that	 both	 enzymes	 catalyse	 regioselective	
aromatic	 hydroxylations	 or	 epoxidations	 and	 a	 subsequent	 ring	 contraction	 each	 (Scheme	 6.2).	
However,	no	similar	mechanism	is	elucidated	on	a	molecular	level.	It	was	initially	proposed	that	the	
mechanism	and	enzymes	involved	in	xenovulene	A	101	ring	contractions	are	similar	to	those	from	




its	 expression	 is	 up-regulated	 under	 101	 producing	 conditions	 (Chapter	 3.2).	 Nevertheless,	 the	
protein	was	found	to	be	unnecessary	for	101	biosynthesis.	Short	chain	dehydrogenases	can	catalyse	
oxidations	and	reductions	of	a	variety	of	substrates	(Chapter	1.1.3).63	Often	ketone	to	alcohol	and	












fungal	 strains	 producing	 similar	 meroterpenoids	 (Chapter	 1.3)	 and	 in	 silico	 identification	 of	
homologous	 aspks1	 BGC	 will	 enable	 the	 elucidation	 of	 the	 biosynthesis	 of	 an	 entire	 class	 of	
meroterpenoids.	Of	special	interest	hereby	is,	how	or	whether	the	stereoselectivity	of	the	addition	
of	 the	 second	 tropolone	 is	 controlled.	 Although,	 the	 two	 diastereomers	 pycnidione	 110	 and	
eupenifeldin	111	are	reported	these	compounds	have	been	isolated	from	different	fungi,	indicating	
an	enzyme	controlled	reaction.	

































































































































A	 rational	 genetic	 engineering	 strategy	 where	 genes	 of	 the	 xenovulene	 A	 101	 pathway	 are	
co-expressed	with	those	of	related	meroterpenoids	such	as	the	epolone	A	113	pathway	could	lead	





























Deionised	 water	 was	 further	 purified	 by	 a	 GenPure	 Pro	 UV/UF	 milipore	 device	 from	
Thermo	Scientific	and	used	to	prepare	all	media,	antibiotics	and	buffers	unless	denoted	differently.	
Media	and	Buffers	were	sterilised	at	120	°C	for	15	min	using	a	Systec	VX150	or	a	Classic	Prestige	









































































































































































































































































































































































































































































































































































































































































































































































































































































































































the	 manufacturer’s	 protocol.	 For	 linear	 DNA	 the	 NucleoSpin	 Gel	 and	 PCR	 Clean-up	 kit	
(Macherey-Nagel)	was	used.	Vector	DNA	was	extracted	from	a	3-5	mL	E.	coli	overnight	culture	using	
the	NucleoSpin	Plasmid	kit	(Macherey-Nagel).	The	LB	overnight	culture	containing	the	appropriate	




the	 concentration	 measured	 on	 a	 spectrophotometer	 (DeNovix	 DS-11+	 Spectrophotometer).	

































































































was	 added	 to	 a	 final	 concentration	 of	 0.3	 M	 and	 2.5	 volumes	 of	 96%	 ethanol	 were	 used	 to	
precipitate	gDNA.	After	incubation	on	ice	for	10	min,	gDNA	was	pelleted	by	centrifugation	(10	min,	
maximum	speed).	gDNA	was	washed	with	75%	ethanol	and	centrifuged	(10	min,	maximum	speed)	










Yeast	vector	DNA	was	extracted	with	 the	Yeast	Plasmid	Miniprep	 II	 kit	 (Zymoprep).	Cells	of	 the	






later	 purification	 optimised	 by	 Carsten	 Schotte.	 AsR6	 was	 solublly	 produced	 and	 optimised	 by	




culture	 was	 incubated	 at	 37	 °C	 and	 200	 rpm	 until	 an	 OD600	 of	 0.4-0.8	 was	 reached.	 The	 gene	
expression	 and	 protein	 production	 was	 induced	 with	 0.1	 mM	 isopropyl	 b-D-1-
Experimental	
	 160	









protein	 resuspension	 buffer	 (10	 mL)	 and	 protein	 eluted	 with	 an	 imidazole	 gradient	 in	 protein	






electrophoresis	 cell	 (Bio-Rad).	First	 the	separating	gel	was	casted	and	overlaid	with	 isopropanol	



































Strain	 Genotype	 Phylum	 Origin	
Acremonium	strictum	 wildtype	 Ascomycete	 Cox	group,	
Bristol	





















































fragment	was	approximately	0.5-1	µg.	 Fragments	 to	be	 joined	contained	at	 least	30	bp	overlap	
sequence	and	were	added	in	a	1:1:1	ratio.	Cells	were	suspended	in	the	transformation	mixture	and	
incubated	 at	 42°C	 for	 50	 min.	 Cells	 were	 collected	 by	 centrifugation	 (6000	 rpm,	 15	 s),	 the	
supernatant	 was	 discarded	 and	 pellet	 was	 suspended	 in	 1	 mL	 ddH2O.	 200	 µL	 were	 spread	 on	











1	mL	 spore	 suspension	 from	a	 fresh	A.	 oryzae	 NSAR1	DPY	 plate	was	 used	 to	 inoculate	 100	mL	
(500	mL	flask)	of	GN	liquid	culture	and	incubated	for	12	h	at	28	°C,	180	rpm.	Cells	were	collected	by	






released	 by	 repeated	 pipetting	 with	 a	 cut	 tip	 and	 gravity	 filtration	 through	 sterile	 miracloth	






(usually	 6	d),	 these	were	 transferred	 to	 secondary	plates	of	CZD	1.5%	agar.	Vigorously	 growing	














incubated	 for	 1.5	 d	 at	 25	 °C,	 200	 rpm.	 Cells	were	 collected	 by	 filtration	 over	 sterile	miracloth,	



























and	 suspended	 in	25%	glycerol.	 Cells	were	 immobilised	 in	1%	agar	 in	between	 two	microscope	
cover	slides.	
7.5 Chemical	Analysis	of	Fungal	cultures	



























28	 °C,	 110	 rpm.	 Cells	 were	 disrupted	with	 a	 hand	 blender	 and	 removed	 by	 Büchner	 filtration.	
Supernatant	was	 extracted	 twice	with	 ethyl	 acetate	 or	 ethyl	 acetate/hexane	 (1:1,	 2	 x	 100	mL).	





and	 the	water/acetone	mixture	 concentrated	 in	 vacuo.	 Resulting	water	 layer	was	 increased	 to	
100	mL	with	deionised	water,	acidified	to	pH	2	with	HCl	(2M)	and	extracted	with	ethyl	acetate	twice	
(2	x	100	mL).	Supernatant	was	acidified	to	pH	2	with	HCl	(2M)	and	extracted	twice	with	ethyl	acetate	
(2	 x	 100	 mL).	 Combined	 organic	 layers	 of	 both	 samples	 were	 dried	 over	 MgSO4	 and	 solvents	














Samples	were	 dissolved	 in	methanol	 or	 acetonitrile:water	 9:1	 to	 a	 concentration	 of	 10	mg/mL,	
filtered	over	 glass	wool	 and	10	–	20	µL	 injected	onto	 a	Phenomenex	Kinetex	2.6	µm	C18	 100	Å	



















































































































3’-CH),	6.60	 (d,	1H,	 JHH	=	2.4,	9’-CHOC),	5.32	 (dd,	1H,	 JHH	=	14.0,	3.6,	8’-CH2OC,	Ha),	5.15	 (d,	1H,	
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